Tumor necrosis factor receptor (TNFR)-associated factor 2 (TRAF2) is one of the key effector molecules that mediate TNF-induced cellular responses (2, 7, 15, 37) . TRAF2 was first cloned by biochemical characterization of intracellular factors that associated with TNFRII (29) but was also subsequently found in the receptor complex of a number of other TNFR family members, such as CD40, CD30, and TNFR1 (2, 37) . In the case of TNFR1, TRAF2 is recruited to the TNFR1 complex by the TRADD adapter protein (16) . As a member of the TRAF protein family, TRAF2 shares a conserved carboxylterminal domain, otherwise known as the TRAF domain, which mediates receptor binding, as well as homo-and heterooligomerization with other TRAF proteins (2, 37) . There are six TRAF proteins, of which TRAF2, -3, -4, -5, and -6 have an amino-terminal ring finger domain followed by a string of four or five zinc finger motifs (2) . TRAF1 has the zinc finger domain only (2) . Because TRAF proteins do not carry a motif characteristic of any enzymatic activity, they appear to function solely as adapter molecules. The ring and zinc finger domains are thought to be essential for interacting with downstream targets (2) . At least eight different intracellular molecules, including TRAF1, c-IAP1, c-IAP2, I-TRAF/TANK, A20, TRIP, RIP, and NIK, have been shown to directly interact with TRAF2 (2, 7, 15, 37) . The interaction between TRAF2 and these proteins has been proposed to be important in modulating the function of TRAF2 as a signal transducer.
For TNF-induced activation of the transcription factor NF-B, both the ring finger and the first two zinc finger domains are required (2, 4, 29, 32) . Initially, it was proposed that TRAF2 mediates NF-B activation via the recruitment of the serine/threonine kinase NIK (42) , which can in turn activate IKK, an IB-specific kinase that triggers IB degradation (3, 11, 24) . However, the possible involvement of NIK in this process has been ruled out by studying the effect of genetic deletion of NIK (44) . More recently, Devin et al. found that the role of TRAF2 in TNF-induced NF-B activation is to recruit IKK to the TNFR1 complex through direct interaction with IKK␣ and IKK␤, the two catalytic subunits of the kinase (9, 10) . When IKK is activated, it phosphorylates IBs. The phosphorylated IBs will then be polyubiquitinated and rapidly degraded by the proteasome (3, 11) . The degradation of IBs leads to the release of NF-B, allowing NF-B to translocate into the nucleus and to activate its target genes, some of which may play a role in mediating the antiapoptotic effect of NF-〉 (5, 22, 36, 38) .
In addition to mediating NF-B activation, TRAF2 also plays a critical role in TNF-induced c-Jun N-terminal kinase (JNK)/SAPK activation (8, 22, 26, 28) . TRAF2 knockout mice appeared normal at birth, but they exhibited growth impairment and died prematurely. Examination of TRAF2 Ϫ/Ϫ cells revealed a severe reduction in TNF-mediated JNK/SAPK activation (43) . Despite some recent studies suggesting that JNK activation plays a role in TNF-induced apoptosis (34) , TRAF2 null cells, including thymocytes, other hematopoietic progenitors, and fibroblasts, are highly sensitive to TNF-induced cell death (43) . Impaired NF-B activation may partially account for the supersensitivity of these cells to TNF (43) ; however, the underlying mechanism of this phenomenon is still elusive.
To shed new light on the role of TRAF2 in the regulation of TNF-induced apoptosis, we used microarray technology to search for a gene(s) whose expression had been altered in TRAF2 null fibroblasts. Among the several identified genes whose expression was affected by the absence of TRAF2, expression of the lung Krüppel-like factor (LKLF) (1) was drastically diminished in TRAF2 Ϫ/Ϫ cells. When TRAF2 was reintroduced into TRAF2 Ϫ/Ϫ fibroblast cells, the expression of LKLF was restored. Our data indicated that the regulation of LKLF expression by TRAF2 appears to be indirect and is through the mitogen-activated protein (MAP) kinase p38 pathway. More importantly, we found that the introduction of ectopic LKLF into the TRAF2 Ϫ/Ϫ cells eliminated the supersensitivity of the TRAF2 Ϫ/Ϫ cells to TNF-induced apoptosis and that this protective effect of LKLF is partially explained by the fact that it up-regulates the expression of insulin-like growth factor IGF-IR1. Taken together, our study suggests that LKLF is a critical effector of TRAF2 in modulating TNF-induced apoptosis.
Apoptosis assay. Cells were plated in 12-well plates and treated with 20 ng of TNF per ml and 100 ng of cycloheximide (CHX) per ml for the indicated periods of time. Dead cells were determined by trypan blue staining (21) . The results shown are averages of three independent experiments. Kinase assays. Mouse fibroblast cells (5 ϫ 10 5 ) were treated with TNF as described in the figure legends. Cells were collected in 300 l of M2 lysis buffer. IKK complex and JNK1 were immunoprecipitated with anti-IKK␣ and anti-JNK1 antibodies, respectively. IKK and JNK kinase activities were determined by using 2 g of glutathione S-transferase (GST)-IB␣(1-54) or GST-c-Jun(1-79) as a substrate, respectively (20) .
RESULTS

Expression of LKLF is impaired in TRAF2
؊/؊ cells.
TRAF2
Ϫ/Ϫ fibroblast cells are much more sensitive to TNFinduced apoptosis than WT fibroblasts (43) . Because NF-B activation by TNF in TRAF2
Ϫ/Ϫ cells is only partially decreased, the underlying mechanism for the increased sensitivity of TRAF2
Ϫ/Ϫ cells to TNF is still largely unknown. However, since blocking gene expression by either RNA or protein synthesis inhibitor sensitizes cells to TNF, it is likely that the supersensitivity of TRAF2
Ϫ/Ϫ cells to TNF is due to altered gene expression. To address this possibility, we decided to study the change of gene expression in TRAF2
Ϫ/Ϫ cells by utilizing cDNA microarray technology. To accelerate our study, Atlas mouse arrays (Clontech) were used, since they contain only known genes. Total RNAs from WT and TRAF2 Ϫ/Ϫ mouse fibroblast cells were used to prepare cDNA probes, which were then used to hybridize microarray membranes. By comparing the results of TRAF2
Ϫ/Ϫ cells with those of WT cells, the change of gene expression in TRAF2
Ϫ/Ϫ cells was determined. For the DNA microarray analysis, only genes induced or repressed more than threefold in at least two of three independent experiments were counted.
As shown in Fig. 1A , the lung Krüppel-like factor, LKLF (1), is a gene whose expression is dramatically decreased in TRAF2 Ϫ/Ϫ cells. To confirm this finding, Northern blot analysis was performed with LKLF as a probe. Indeed, the results indicated that the mRNA level of LKLF was greatly decreased in TRAF2 Ϫ/Ϫ cells (Fig. 1B) . Furthermore, as shown in Fig.  1C , the LKLF protein in TRAF2 Ϫ/Ϫ cells was barely detected by Western blotting with a specific anti-LKLF antibody (19) . As a control, similar levels of RIP protein were detected in TRAF2 Ϫ/Ϫ and WT cells (Fig. 1C) . These results suggested that the expression of LKLF correlated with the status of the expression of TRAF2. To rule out the possibility that some other factor besides the absence of TRAF2 was responsible for the decrease in LKLF expression in TRAF2
Ϫ/Ϫ cells, we tested whether LKLF expression could be reconstituted in the cells by ectopically expressing TRAF2. To do this, FLAG-TRAF2 was stably transfected into the TRAF2 Ϫ/Ϫ cells (Fig. 1D ). As shown in Fig. 1D , the expression of LKLF protein was restored in TRAF2 Ϫ/Ϫ cells by ectopically expressing TRAF2. We also examined whether LKLF expression is regulated by TNF. TNF treatment had no detectable effect on LKLF mRNA level in WT cells (Fig. 1E) , suggesting that the effect of TRAF2 on LKLF expression is independent of TNF signaling. Taken together, these results supported the notion that the expression of LKLF requires TRAF2.
TRAF2 indirectly regulates transcription of the LKLF gene. To test the possibility that TRAF2 modulates LKLF promoter activity, we conducted reporter assays with an LKLF promoter-driven luciferase plasmid. The reporter construct, which contains the 2-kb sequence upstream of the LKLF gene and possesses full LKLF promoter activity (31), was cotransfected with different TRAF2 expression vectors into TRAF2
Ϫ/Ϫ cells. Luciferase activity of each sample was measured as an indication of the LKLF promoter activity. As shown in Fig. 2A , cotransfection of the full-length TRAF2 augmented the LKLF promoter activity by 2.5-fold. Interestingly, the mutant TRAF2, TRAF2(87-501), which does not have the ring finger domain and functions as a dominant-negative mutant in TNF-induced NF-B and JNK activation, activated the reporter as efficiently as the WT TRAF2 ( Fig. 2A) . In contrast, two other mutants of TRAF2, TRAF2DZ, in which the zinc finger domain was deleted, and TRAF2(272-501), in which both the ring and zinc finger domains were deleted, had little effect on the activity of the LKLF promoter. These results indicated that the zinc fingers, but not the ring finger, are required for TRAF2 to activate LKLF expression and also implied that the regulation of LKLF expression by TRAF2 is not linked to TNF signaling. The latter conclusion was further supported by the results that TNF treatment had no detectable effect on the activity of the LKLF promoter and that the expression of p65, a major NF-B component, also had no effect on the LKLF promoter (Fig.  2B ). Because six TRAF proteins have been identified (2), it is important to know whether other TRAF proteins also have the same effect on the LKLF promoter. To address this question, we performed reporter assays as described above with expression vectors of TRAF1, -2, -3, -4, -5, and -6. As shown in Fig.  2C , all TRAF proteins except TRAF2 failed to activate the LKLF promoter.
Since TRAF2 is a zinc finger protein and its zinc fingers are required for it to regulate transcription of the LKLF gene, we investigated the possibility that TRAF2 functions as a transcription factor by examining its cellular localization. As a critical effector protein of TNF signaling, TRAF2 is thought to be a cytoplasmic factor (16) . To determine the cellular localization of TRAF2, we fractionated HeLa cell extracts into cytoplasmic and nuclear fractions and detected TRAF2 protein by Western blot analysis. To rule out the possibility that TRAF2 is a protein that shuttles between the nucleus and cytoplasm, we treated HeLa cells with the nuclear export inhibitor leptomycin B (LMB). Treating cells with LMB will result in the accumulation of nucleocytoplasmic shuttling proteins in the nucleus and easier detection of the trace nuclear proteins (13) . As shown in Fig. 3 , TRAF2 protein was detected only in cytoplasmic fractions. Detection of the nuclear protein Myc served as a control for fractionation. Also, we constructed a GFP-TRAF2 fusion protein and found it localized in the cytoplasm solely when it was ectopically expressed in the cells (data not shown). These results suggested that it is unlikely that TRAF2 acts as a transcription factor. Therefore, TRAF2 regulates transcription of the LKLF gene through other proteins.
Regulation of LKLF expression by TRAF2 involves p38 MAP kinase. Since TRAF2 indirectly regulates transcription of LKLF, it is important to know the pathway that leads to transcriptional activation. Because TRAF2(87-501), a mutant TRAF2, activated the LKLF promoter and because, according to a recent report, it also activates p38 MAP kinase (17), we tested whether p38 MAP kinase is required for the expression of LKLF. When the p38 MAP kinase inhibitor SB203580 was used to treat the cells, as shown in Fig. 4A , induction of the LKLF promoter by TRAF2 was blocked. The expression levels of TRAF2 were not affected by SB203580 (Fig. 4A, bottom  panel) . In contrast, the JNK inhibitor SP600125 and MEK inhibitor U0126 had little effect on the induction of the LKLF promoter by TRAF2 (Fig. 4A) . The requirement of p38 in LKLF expression by TRAF2 was further confirmed by using a dominant-negative mutant of MKK6, MKK6AA (39) . As shown in Fig. 4B , MKK6AA also blocked TRAF2-induced activation of the LKLF promoter. Finally, we also checked Ϫ/Ϫ cells, the LKLF protein could not be detected (Fig. 4C) . Taken together, these results indicated that TRAF2 regulates LKLF expression through the p38 MAP kinase pathway.
Ectopic expression of LKLF in TRAF2 ؊/؊ cells renders cells more resistant to TNF-induced cell death. The mechanism of supersensitivity of TRAF2 Ϫ/Ϫ cells to TNF-induced apoptosis is still unclear, although reduced NF-B activation may be involved (43) . Since our study suggested that LKLF expression is impaired in TRAF2 Ϫ/Ϫ cells and LKLF exerts antiapoptotic properties in some types of cells (30), next we investigated whether reconstitution of LKLF expression in TRAF2 Ϫ/Ϫ cells affected TNF-induced apoptosis. To do this, we established LKLF stably transfected cell lines, which express substantial levels of LKLF compared to WT fibroblasts. The expression of LKLF in two of these cell lines, LKLF clone 3 and clone 7, was shown in Fig. 5A . Normally, TRAF2
Ϫ/Ϫ fibroblast cells are sensitive to TNF in the presence of a low concentration of CHX. As shown in Fig. 5B , LKLF clones 3 and 7 became more resistant to TNF in the presence of 100 or 500 ng of CHX per ml compared to the pHygromycin-transfected control TRAF2 Ϫ/Ϫ cells. Similarly, the LKLF-transfected TRAF2
Ϫ/Ϫ cells were also more resistant to higher TNF concentration than the control TRAF2 Ϫ/Ϫ cells (Fig. 5C ). These results suggested that LKLF mediates the resistance of cells to TNFinduced apoptosis.
To ensure that the effect of LKLF on the sensitivity of cells to TNF-induced apoptosis was not due to its effect on TNF signaling, we investigated whether the ectopic expression of LKLF altered the status of TNF signaling in TRAF2 Ϫ/Ϫ cells. Since both IKK and JNK activation by TNF are impaired in TRAF2
Ϫ/Ϫ cells, we then examined IKK and JNK activation in 
(B) TRAF2
Ϫ/Ϫ cells were cotransfected with 0.5 g of LKLF(Ϫ2047)-Luc, 0.2 g of pRSV-LacZ, and 1 g of an empty vector plasmid or the expression vector of TRAF2 or p65. Fourteen hours after transfection, one plate of cells transfected with the empty vector was treated with TNF (30 ng/ml) for 10 h. Cells were then collected for the luciferase assay, which was performed as described above for panel A. (C) As described above for panels A and B, TRAF2
Ϫ/Ϫ cells were cotransfected with LKLF(12047)-Luc, pRSV-LacZ, and an empty vector or the expression vector of TRAF1, -2, -3, -4, -5, or -6. Luciferase activity of each transfection was determined as described above for panels A and B. 
LKLF-transfected TRAF2
Ϫ/Ϫ cells. As shown in Fig. 6 , the presence of LKLF did not have any effect on these two pathways in response to TNF. Therefore, these results suggested that LKLF does not affect TNF-induced apoptosis by affecting TNF-induced NF-B and JNK activation.
IGF-IR is a potential target of LKLF to mediate its antiapoptotic effect. To obtain a better understanding of the antiapoptotic effect of LKLF, we reexamined the results of microarray experiments to search for genes whose expression is down-regulated in TRAF2
Ϫ/Ϫ cells and whose protein products are known to have an antiapoptotic effect. Of the genes whose expression is decreased in TRAF2 Ϫ/Ϫ cells according to our array results, IGF-IR is one of the genes that have previously been shown to protect cells against apoptosis (14, 45) . We then confirmed IGF-IR expression in TRAF2 Ϫ/Ϫ cells by Western blotting. 
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As shown in Fig. 7A , the expression of IGF-IR protein level was dramatically decreased in TRAF2
Ϫ/Ϫ cells than in WT cells. Moreover, in WT TRAF2 or the TRAF2(87-501) mutant stably transfected cells, IGF-IR expression was recovered (Fig.  7A) . These results indicated that the expression of IGF-IR requires TRAF2. Because expression of IGF-IR, like LKLF expression, could also be restored by the TRAF2(87-501) mutant, it is possible that LKLF and IGF-IR are regulated by TRAF2 by the same mechanism. However, since LKLF is a SP1 transcription factor and it has been suggested that the Ϫ/Ϫ cells would decrease the sensitivity of cells to TNF-induced apoptosis. To do so, we generated IGF-IR stably transfected TRAF2 Ϫ/Ϫ cells (Fig. 7C) and then treated those cells with TNF and CHX. As shown in Fig. 7D , the ectopic expression of IGF-IR in TRAF2
Ϫ/Ϫ cells partially protected cells from TNF-induced apoptosis, compared to parental or pHygromycin-transfected TRAF2 Ϫ/Ϫ cells. These results suggested that IGF-IR may account for a certain level of the antiapoptotic effect of LKLF.
DISCUSSION
TRAF2 is a critical component in TNF signaling to NF-B and JNK activation (7, 15, 37) . The genetic deletion of TRAF2 resulted in the supersensitivity of cells to TNF-induced apoptosis (43) . It is noted that the removal of TRAF2 from cells caused only a partial decrease of NF-B activity induced by TNF (43) . However, the impaired NF-B activation alone could not explain the supersensitivity of TRAF2 Ϫ/Ϫ cells to TNF-induced apoptosis. Therefore, it has been proposed that TRAF2 may mediate an antiapoptotic effect independent of NF-B activation (15) . In this study, we tried to address this issue by using cDNA microarray technology. We attempted to identify genes whose expression is down-regulated in TRAF2
Ϫ/Ϫ cells. Of many down-regulated genes in TRAF2
Ϫ/Ϫ cells, LKLF and IGF-IR are two genes known to have antiapoptotic effects (14, 30, 45) . We demonstrated that TRAF2 regulates the expression of LKLF through the MAP kinase p38 pathway. More importantly, ectopic expression of LKLF in TRAF2 Ϫ/Ϫ cells protects cells against TNF-induced apoptosis, partially by regulating IGF-IR expression. Therefore, our study provides a potential mechanism of TRAF2-mediated antiapoptotic effect.
TRAF2 is one of six known TRAF proteins (2) . Of the six TRAF proteins, ectopic expression of TRAF2, -5, and -6, but not TRAF1, -3, and -4, leads to the activation of NF-B and JNK (7, 15, 37) . TRAF2 and -5 are required for TNF signaling, while TRAF6 is essential for interleukin-1 (IL-1) signaling. In this study, we found that only TRAF2 is capable of activating the LKLF promoter. All of the other five TRAF proteins failed to potentiate the activity of LKLF promoter when they were expressed in TRAF2 Ϫ/Ϫ cells. Therefore, there is no redundant function among TRAF proteins on LKLF expression. To shed light on why only TRAF2 is capable of activating the LKLF promoter, we examined the activation of p38 by different TRAFs and found that only overexpression of TRAF2 effectively activates p38 (data not shown). In addition, the regulation of LKLF expression by TRAF2 is independent of TNF signaling, since TNF treatment has no effect on LKLF expression. The finding that the TRAF2(87-501) mutant is fully capable of activating the LKLF promoter further distinguished the regulatory function of TRAF2 on LKLF expression from TNF signaling. Hence, our study provided the first evidence that TRAF2 has additional functions other than as an effector of TNF signaling.
Because TRAF2 has five zinc finger domains, it has been speculated that it may function as a transcription factor (23) . A previous study suggested that TRAF2 may localize in the nucleus and has some transcriptional activity when overexpressed (25) . We examined the localization of the endogenous TRAF2 in WT fibroblasts but failed to detect TRAF2 in the nucleus. We also used the green fluorescent protein (GFP)-TRAF2 fusion protein to examine TRAF2 localization in HeLa cells and mouse fibroblasts. No GFP-TRAF2 was detected in the cell nucleus. We realized that the cell system used by the previous study (human umbilical vein endothelial cells) is different from the ones we used (HeLa cells and mouse fibroblasts). Therefore, it is possible that the discrepancy on TRAF2 localization between the previous study and ours may be due to the specificity of different cell types. We conclude that TRAF2 does not function as a transcription factor in the regulation of LKLF expression in mouse fibroblasts. Our finding that the dominant-negative mutant of MKK6 blocked TRAF2-induced LKLF expression further supports this conclusion.
LKLF belongs to the SP1 transcription factor family (35) . All members of this family have three Krüppel-like zinc fingers in their DNA-binding domains. LKLF is highly expressed in the lung, and it is also found in the heart, spleen, skeletal muscle, and testis (1). Mice lacking LKLF by gene targeting die at midgestation around day 12.5 due to severe hemorrhage. LKLF is required for blood vessel assembly and homeostasis during mammalian embryogenesis (19, 40, 41) . Despite the pivotal role of LKLF in development, regulation of expression of LKLF as well as the target genes downstream of LKLF is not understood well. Recently, it was reported that LKLF is expressed in T cells and that expression of LKLF is regulated by cytokines, such as IL-2 and IL-7 (30) . The expression of LKLF has been correlated with long-term survival of memory T cells both in vitro and in vivo (30) . In this study, we found that the maintenance of LKLF expression in mouse fibroblasts requires TRAF2 and that the regulatory effect of TRAF2 on LKLF expression is achieved through MAP kinase p38. These findings are the first to shed light on the regulation of LKLF expression, although the mechanism of p38 function in this process needs further investigation. More importantly, when LKLF was ectopically expressed in TRAF2 Ϫ/Ϫ cells, it protected cells against TNF-induced apoptosis. However, because LKLF is a transcription factor, it must protect cells by regulating the expression of other proteins. We identified IGF-IR as a potential target gene of LKLF. But because the expression of IGF-IR in TRAF2
Ϫ/Ϫ cells produces less of a protective effect than LKLF does, it is possible that LKLF regulates the expression of multiple genes like IGF-IR to protect cells against TNF-induced cell death.
NF-B activity has been found to protect cells against apoptosis (5, 22, 36, 38) . In TRAF2 Ϫ/Ϫ cells, NF-B activation by TNF treatment is only partially decreased (43) . However, the TRAF2 Ϫ/Ϫ cells became supersensitive to TNF-induced apoptosis (43) . Therefore, it has been speculated that TRAF2 may provide the survival signal through a NF-B-independent path-VOL. 23 (15, 43) . Identification of LKLF as a transcription factor that is dependent on TRAF2 but independent of TNF signaling indicates the existence of such a pathway. More importantly, our study suggests that, most likely, the supersensitivity of TRAF2 Ϫ/Ϫ cells to TNF-induced apoptosis is the result of down-regulation of expression of certain proteins, such as LKLF. Therefore, TRAF2 serves a larger role than as just an effector of TNF family signaling.
